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Abstract 


The current industrial production of the biodiesel relies mainly on vegetable oils that 
could result in the shortage of edible oils in food markets and increase in their prices. 
Microbial lipids produced by oleaginous microorganism have attracted a lot of attention 
in the recent years as a source of high-value polyunsaturated acids as well as alterna- 
tive feedstock for the production of biodiesel. However, the production of microbial oils 
faces a number of problems concerning the costs of lipid extraction, carbon source and 
operational cost for microbial cultivation in conventional stirred tank bioreactor which 
makes production economically unfeasible. Non-food feedstocks, lignocellulose biomass 
and different waste streams containing lignocellulose, are low-cost sources of renewable 
carbon that could significantly reduce the production cost of microbial lipids. This review 
analyses the current production of microbial lipids from lignocellulose feedstocks and 
gives an overview of the main stages in the process of lipid production, pretreatment and 
hydrolysis of the feedstock and microbial cultivation. Cultivation of oleaginous micro- 
organisms has been conducted by submerged cultivation and solid state fermentation. 
Three process configurations have been used in the lipid production including, separate 
hydrolysis and lipid production (SHLP), simultaneous saccharification and lipid produc- 
tion (SSLP) and consolidate bioprocessing (CBP). Implementing the biorefinery concept 
that includes co-production of different value-added products (polyunsaturated fatty 
acids, amino acids, lignin and pigments) could improve the feasibility of lipid produc- 
tion bioprocess. 
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1. Introduction 


Biodiesel is renewable, biodegradable and non-toxic transport fuel composed of fatty acid 
methyl esters. It is produced by transesterification of triacylglycerols with alcohol (mostly 
methanol and ethanol) in the presence of alkaline catalyst (e.g. sodium hydroxide). Common 
feedstocks for the production of biodiesel are different vegetable oils including rapeseed oil, 
palm oil, cooking oil, soybean oil and sunflower oil [1]. Production of biodiesel increased 
steadily in the last few years. In year 2016, the United States and Brazil were the world’s big- 
gest biodiesel producers with a production volume of around 5.5 and 3 billion liters, respec- 
tively [2]. All existing diesel engines, vehicles and infrastructure can run on pure biodiesel 
(B100) or blends with petroleum diesel fuel without any change [1]. Use of biodiesel has 
positive environmental impact, improves energy supply security, stimulates economic devel- 
opment and generates employment especially in the rural areas [3]. It reduces harmful emis- 
sion characteristic for diesel exhaust such as particulate matter, carbon monoxide and total 
unburned hydrocarbons. Additionally, emission of toxic compounds including vapor-phase 
hydrocarbons from C1 to C12, aldehydes and ketones up to C8 and polyaromatic hydrocar- 
bons and nitrated polyaromatic hydrocarbons are also decreased [4]. 


Microbial lipids are viewed as an alternative feedstock for the biodiesel production because 
fatty acid compositions of accumulated lipids are similar to vegetable oils currently used as 
feedstock for the production of first generation biodiesel. Microbial lipids are also known as 
single cell oils (SCO), and are produced by heterogeneous group of oleaginous microorgan- 
isms that include less than hundred species of different microbial species including yeasts, 
fungi, bacteria and algae [3, 4]. Oleaginous microorganisms have the ability to accumulate 
significant amounts of intracellular lipids (more than 20% of their dry weight), mostly tri- 
acylglycerols, under certain cultivation conditions. Yeast strains such as Lipomyces starkeyi, 
Rhodosporidium toruloides, Rhodotorula graminis, Rhodotorula glacialis and Trichosporon oleagi- 
nosus can accumulate intracellular lipids from 50 to 80% (w/w) under certain cultivated con- 
ditions [5-8]. The fatty acid composition of lipids depends on the microbial strain and the 
cultivation conditions used. The most common fatty acids are palmitic (C16:0), stearic (C18:0), 
oleic (C18:1) and linoleic (C18:2) acids [9]. Microbial lipids of some oleaginous microorgan- 
isms are valuable source of polyunsaturated fatty acids that are used as additive for different 
food products and in nutriceuticals. Following omega-3 and omega-6 fatty acids are commer- 
cially produced using different wild-type and genetically modified oleaginous microorgan- 
isms such as y-linolenic acid (GLA, C18:3, n®) by Mucor circinelloides; dihomo-gamma-linoleic 
(DGLA) (20:3, n-6) by Mortierella alpina 15-4; eicosapentaenoic acid (EPA) (20:5, n-3) by 
Mortierella alpina ST1358 and Yarrowia lipolytica; docosahexaenoic acid (DHA, 22:6, n-3) by 
Crypthecodinium cohnii, Schizochytrium and Ulkenia sp. and arachidonic acid (ARA, 20:4, n-6) 
by Mortierella alpina [10-17]. Microbial lipids from oleaginous yeast strains can be used as 
substitute for cocoa-butter and shea butter [18]. In comparison to vegetable oils, biodiesel pro- 
duction from microbial lipids have a number of advantages such as heterotrophic oleaginous 
microorganism grow much faster than the terrestrial crops; no need for arable land for culti- 
vation; growth as well as cultivation does not depend on whether conditions and elimination 
of conflict between food and food supply chain [19]. Yeasts and fungi are favored oleaginous 
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microorganism since they grow much faster than the microalgae. Unlike microalgae, they 
can use more diverse sugars and other carbon sources for their growth and lipid synthesis 
monosaccharides (glucose and xylose), amino sugars (N-acetylglucosamine), disaccharides 
(lactose, galactose, mannose, cellobiose and sucrose), alcohols (glycerol, ethanol and metha- 
nol), polysaccharides (starch and pectin) and organic acids (volatile fatty acids and acetic 
acid) [5, 8, 20-24]. 


In order to increase economic feasibility of the process production, different low-cost sub- 
strates have been used for the production such as crude glycerol, lignocellulose biomass 
(hydrolysate sweet sorghum bagasse, rice straw hydrolysate and corn stover hydrolysate), 
molasses waste, waste streams from food industry (whey permeate, olive pomace oil and 
olive oil mill wastewaters) and waste spent yeast from the brewing industry [5, 25-31]. 


2. Biochemistry of lipid accumulation 


The fatty acid biosynthetic pathway in most of oleaginous microorganisms is similar to non- 
oleaginous microorganisms. Two features of oleaginous microorganisms make them an effi- 
cient producer of lipid such as ability to efficiently produce precursor acetyl-CoA and cofactor 
NADPH needed for fatty acid synthesis. Process of lipogenesis could be divided in two steps, 
synthesis of precursor acetyl-CoA followed by biosynthesis of triacylglycerols (Figure 1). 
Nitrogen starvation in the presence of excess of carbon sources triggers de novo synthesis of 
lipids in oleaginous microorganisms. Depletion of other media component like phosphorus 
or sulfur can efficiently induce lipogenesis [16]. Exhaustion of the nitrogen source induces 
a series of the consecutive biochemical reaction in the cell. The activity of AMP deaminase 
(AMPD) is upregulated. It cleaves the AMP to inosine monophosphate (IMP) and ammonia 
ions that cell can use as a nitrogen source. Consequently, concentration of AMP is reduced 
and the activity of NAD* (NADP*)-depended isocitrate dehydrogenase (ICDH) is down- 
regulated. This enzyme in oleaginous microorganisms is allosterically regulated by its activa- 
tor AMP. Isocitrate accumulates in mitochondria and isomerized to citrate by aconitase (A). 
Accumulated citrate is transported into the cytoplasm in exchange for malate (citrate/malate 
translocase, CMT). In the cytoplasm, ATP citrate lyase (found only in oleaginous microorgan- 
isms) converts citrate to acetyl-CoA and oxaloacetate [32]. The acetyl-CoA is used for fatty 
acid synthesis while oxaloacetate is converted to malate by malate dehydrogenase (MDH) 
and exported to mitochondria via CMT [16, 32]. 


The synthesis of lipids depends on efficient supply of NADPH, which is used for acetyl 
group reduction in the growing acyl chain. For the synthesis of 1 mol of a C18 fatty acid, 
16 mol of NADPH is required. There is no unique metabolic route for generating NADPH 
in the oleaginous microorganism. Ratledge [33] described several routes for the synthesis 
of NADPH in the cytosol during lipogenesis. Transhydrogenase cycle which includes three 
enzymes pyruvate carboxylase (PC), MDH and malic enzyme (ME) has been proposed as a 
major route for the NADH production in the oleaginous microorganism. However, presence 
of ME in cytosol was not confirmed in some yeast species [16, 33]. In yeast Y. lipolityca, ME 
is located in the mitochondria and therefore cannot participate in the lipid synthesis [34]. 
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Figure 1. Overview of major metabolic pathways involved in lipid synthesis. The precursors for fatty acid synthesis, 
acetyl-CoA, malonyl-CoA and NADPH, are highlighted (red rectangles). Green and red arrows indicate upregulation and 
downregulation of the key enzyme for lipid accumulation. Abbreviations used for enzymes and metabolic intermediates: 
6PGDH: 6-phosphogluconate dehydrogenase; AT: acyltransferase, cytosolic; ACC: acetyl-CoA carboxylase; ACL: 
ATP:citrate lyase; AMPD: AMP deaminase; cICDH: NADP*-dependent isocitrate dehydrogenase; CMT: citrate-malate 
translocase; D: desaturase; E: elongase; FAS: fatty acid synthetase; G6PDH: glucose-6-phosphate dehydrogenase; ICDH: 
isocitrate dehydrogenase; MDH: malate dehydrogenase; ME: malic enzyme; PC: pyruvate carboxylase; FA: fatty acid; 
IMP: inosine monophosphate; PUFA: polyunsaturated fatty acid; TAG: triacylglycerol. Adapted from [16, 33]. 


Furthermore, expression of this enzyme is not changed upon limitation of the cell growth 
by nitrogen source [35]. Recent studies confirmed that primary source of NADPH for lipid 
synthesis in Y. lipolityca is the Pentose phosphate pathway [34, 36]. The NADPH is generated 
by enzymes glucose-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate dehy- 
drogenase (6PGDH). Additional NADPH could be also provided by the cytosolic NADP*- 
dependent isocitrate dehydrogenase (cICDH) present in some eukaryotic organisms (citrate/ 
isocitrate/2-ketoglutarate cycle) [16, 32, 33]. 


The de novo fatty acid biosynthesis takes place in cytosol on a multifunctional enzyme com- 
plex called fatty acid synthetase (FAS). FAS is fed by three precursors needed for the fatty 
acid synthesis such as acetyl-CoA, malonyl-CoA and NADPH. Malonyl-CoA is synthetized 
by carboxylation of acetyl-CoA with the enzyme acetyl-CoA carboxylase (ACC). The end 
products are saturated fatty acids C16 (palmitic cid) or C18 (stearic acid) depending on the 
microorganism. Fatty acid are further elongated and desaturated by specific elongases (E) 
and desaturases (D) in the endoplasmic reticulum leading to fatty acid of different chain 
length and degree of unsaturation. The final step is triacylglycerol formation from glycerol-3- 
phosphate and fatty acids catalyzed by specific acyltransferases (AT). Neutral lipids including 
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triacylglycerols form lipid droplets on the lumenal and/or cytoplasmic side of the endoplas- 
mic reticulum membrane [16]. 


3. Lignocellulose biomass as carbon source for microorganism 
growth 


Lignocellulose is complex biopolymer composed of the polysaccharides (cellulose and hemi- 
cellulose), amorphous polymer lignin and a remaining smaller part including pectin, pro- 
tein, extractives and ash. The structural carbohydrates, which accounts for approximately 
two thirds of the total dry weight of the lignocellulosic biomass, can be used as carbon source 
for microbial production of biofuels after hydrolysis to fermentable sugars. Composition 
of lignocellulosic biomass varies depending on the plant source. For example, the agricul- 
ture residues like rice, rye and wheat straw contains less cellulose (approximately 30%) than 
hardwood including poplar, pinewood and spruce (>40%) [37—42]. However, digestibility 
of carbohydrates in the native lignocellulosic biomass by cellulases is low due to its struc- 
tural features. Structural features of lignocellulosic biomass are determined by its chemical 
composition (content of lignin, hemicellulose and acetyl groups bound to hemicellulose) and 
physical characteristics (accessible surface area, i.e., porosity, crystallinity and degree of cel- 
lulose polymerization, the physical distribution of lignin in the biomass matrix, pore volume 
and biomass particle size) [43]. Lignocellulosic biomass is subjected to pretreatment process 
which breaks down the native structure and exposes cellulose fibers to hydrolytic enzymes 
improving the yield of fermentable sugars. For the past three decades, various methods for the 
pretreatment of the lignocellulosic biomass have been developed. The pretreatment process is 
considered as one of the most expensive steps in the production of lignocellulosic biofuels. The 
estimated cost of pretreatment process in bioethanol production is approximately 30 US cent 
per gallon of ethanol [44]. The pretreatment processes are classified in the following groups: 
physical (milling, grinding, pyrolysis, extrusion and gamma-ray irradiation), chemical (alkali 
hydrolysis, dilute acid hydrolysis, organosolv process and oxidative delignification), physi- 
cochemical (steam explosion/autohydrolysis, ammonia fiber explosion, CO, explosion and 
SO, explosion), biological (biochemical degradation using white-, brow- and soft-rot fungi 
and lignin-degrading enzymes) and combination of these methods. During pretreatment pro- 
cess, anumber of degradation products are formed: furan aldehydes (furfural and 5-hydroxy- 
methyl furfural), aromatic compounds (vanillin, syringaldehyde and 4-hydroxybenzoic acid), 
aliphatic acids (acetic, formic and levulinic) and inorganic compounds [44—46]. During the 
pretreatment process at high temperature and pressure, hemicellulose is hydrolysed mainly 
to xylose and lesser extent to glucose. Furan and 5-hydroxymethyl furfural (HMF) are formed 
by dehydration of released xylose and glucose, respectively [45, 47, 48]. Acetic acid is formed 
by hydrolysis of acetyl groups in hemicellulose. Formic and levulinic acid are derived from 
furan aldehydes during prolonged exposure to high temperature in an acidic environment. 
Formic acid is formed by furfural and HMF degradation, while levulinic acid is generated 
from HMF. Concentration of HMF in lignocellulosic hydrolysate is much lower than the fur- 
fural due to limited hydrolysis of hexose from lignocellulosic biomass. The third group of 
degradation product includes diverse phenolic compounds which are derived from lignin 
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and extractive compounds present in the lignocellulosic biomass [45, 49-51]. The most com- 
mon aromatic compounds in the lignocellulose acid hydrolysate are vanillin, syringalde- 
hyde, 4-hydroxybenzoic acid, ferulic acid, etc. [45, 51]. Formation of degradation by-product 
strongly depends on the plant source and pretreatment process (temperature, pressure, reac- 
tion time and presence of catalyst) [46—48, 51]. 


4. Production of microbial lipids from lignocellulose biomass 


The bioconversion of lignocellulose to the microbial lipids includes following steps: pretreat- 
ment of lignocellulose biomass, hydrolysis of structural carbohydrates to fermentable sugars, 
microbial production of lipids and isolation and purification of the product. Since most of the 
oleaginous microorganisms lack cellulase and hemicellulase activity, structural polysaccha- 
rides in lignocellulosic biomass has to be hydrolysed to fermentable sugars (mainly xylose and 
glucose) which microorganism can use as a carbon source. The structural polysaccharides are 
hydrolysed using cellulolytic enzymes or thermochemical process conduct at elevated tem- 
perature in the presence of concentrate acid catalyst. Enzymatic hydrolysis is preferred over 
thermochemical route since the reaction is carried out under mild conditions (pH and tem- 
perature) in non-corrosive environment. Furthermore, inhibitors that could potentially inhibit 
the microorganism are not formed [65-67]. The major drawbacks of enzymatic hydrolysis 
are longer hydrolysis time, higher price of enzyme and inhibition by end products [67-70]. 
Production of the oleaginous lipids from lignocellulosic biomass is carried out using three pro- 
cess configurations such as separate hydrolysis and lipid production (SHLP), simultaneous 
saccharification and lipid production (SSLP) and consolidate bioprocessing (CBP, Figure 2). 
The production of the lipids by SHLP involves two separate steps, enzymatic hydrolysis of 
lignocellulose followed by lipid production, while in SSLP these steps are integrated and car- 
ried out simultaneously in one vessel. In SHLP both steps are run under optimal conditions for 
microorganism (pH = 4.8-6.0, T = 25-30°C) and cellulases (pH = 4.5-6,0; T = 50-60°C) [25, 71, 72]. 
However, inhibition of cellulase by accumulated glucose and cellobiose decreases the yield of 
fermentable sugars. In SSLP, sugars released by hydrolysis are simultaneously assimilated by 
microorganism minimizing the inhibition effect by the end-product. Elimination of enzyme 
inhibition enhances the rate of carbohydrate hydrolysis and shortens the process time. Since 
the enzyme hydrolysis and microorganism growth are carried out in one vessel, the number of 
vessels needed for the process is reduced, decreasing the capital costs. The main disadvantage 
of SSLP in comparison to SHLP is the necessity of running the process at temperature favorable 
for the microbial growth (T = 30-32°C) which is usually suboptimal for the cellulase hydrolysis 
[67]. To compensate lower activity at the process temperature, enzyme loading is increased. 
Alternatively, lipids could be produced in a process known as ‘Consolidate bioprocessing’, 
which gain much attention in the production of lignocellulosic bioethanol [73]. CBP integrates 
cellulase production, carbohydrate hydrolysis and lipid production in one step. Besides high 
lipid productivity and titer, the industrially viable CBP-strain has to efficiently secrete cellu- 
lases for hydrolysis of carbohydrates. Suitable microorganism for the CBP could be isolated 
from nature or alternatively designed by genetic engineering using two strategies already used 
in development of CBP yeast strain for the lignocellulosic bioethanol production [74]. The first 
strategy includes a heterologous expression of the cellulose degrading genes in the oleaginous 


Production of Microbial Lipids from Lignocellulosic Biomass 
http://dx.doi.org/10.5772/intechopen.74013 


Xylose-rich 


Lignocellulosic spent liquor 


feedstock pretreatment os 


Solid fraction 


detoxyfication 


production of 
cellulases 


4 
cellulases! 


pm mm m m m m m m m m m m m 


lipid extraction 


Figure 2. Production of microbial lipids from lignocellulosic biomass by separate hydrolysis and lipid production 
(SHLP), simultaneous saccharification and lipid production (SSLP) and consolidate bioprocessing (CBP). 


microorganism and the second strategy includes a metabolic engineering of cellulolytic micro- 
organism for improved lipid accumulation. 


Microbial production of oleaginous lipids from lignocellulosic biomass is carried out either by 
submerged or by solid state cultivation. 


4.1. Submerged production of lipids 


Tables 1 and 2 summarize processes of lipid production by SHLP and SSLP in submerged 
culture. Most of the researches have been done in shake-flask cultures at 30°C, pH between 5 
and 6, using 10% (v/v) of inoculum and buffer to maintain constant pH [57, 75-77]. The most 
favorable feedstocks for lipid production are agriculture waste, corn stover (stalks, leaves and 
cob) and corn cobs. Other lignocellulosic feedstocks used for lipid production include energy 
crops (Panicum virgatum and Jerusalem artichoke), forest residue (Douglas fir) and agriculture 
waste (sweet sorghum bagasse). The performance of the process depends on the cultivation 
mode (batch and fed-batch), the pretreatment method, method for carbohydrate hydrolysis, 
the substrate loading and type of microorganism. Acid and alkali pretreatments are the most 
often used methods for improving the digestibly of lignocellulose by cellulase [57, 75, 78-84]. 
Hydrolysis of structural polysaccharides is commonly carried out using enzymatic hydrolysis 
[27, 57, 75-77, 84-86]. The efficiency of cellulase hydrolysis mostly depends on pretreatment 
method, but also on used commercial cellulase. For efficient hydrolysis, at least 10 different 
enzymes are needed including enzymes from the glycoside hydrolase families 7 (CBHI, EGI), 6 
(CBHI), 5 (EGID, 10 and 11 (xylanases) and 3 ({8-glucosidases) as well as the acetyl xylan ester- 
ases. Commercial cellulase preparations are constantly improved and their prices are being 
reduced. Thus, Cellic CTech2 and Cellic CTech3 from Novozymes (www.novozymes.com) 
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Pretreatment process 


Effect on lignocellulosic biomass 


Disadvantage 


Dilute acid hydrolysis 


Mild alkaline hydrolysis 


Sulfite pretreatment to 
overcome recalcitrance of 
lignocellulose (SPORL) 


Ammonia fiber expansion 
(AFEX) 


Hydrothermal process 


Hydrolysis of hemicellulose and amorphous 
cellulose, increase of crystallinity, increase of 
porosity of biomass [52-54] 


Delignification, partial hydrolysis of 
hemicellulose, increase the surface area, 
reduction of degree of polymerization and 
crystallinity of cellulose [52, 53, 57-59] 


Complete hemicellulose and minimal lignin 
removal, cellulose depolymerization [60] 


Depolymerization and deacetylation of 
hemicellulose, depolymerization and cleavage 
of lignin-carbohydrate bonds [63, 64] 


Partial hydrolysis of hemicellulose, 


Toxic and corrosive process, 
formation of inhibitors [40, 52, 55, 56] 


Less corrosive and expressive 
process than dilute acid hydrolysis, 
formation of inhibitors, less efficient 
for feedstock with high lignin 
content 


[44, 52, 53, 58] 


Is not effective for biomass with 
higher lignin content, formation of 
some inhibitors [46, 61, 62] 


Does not use chemical catalyst, less 


corrosive, minimal formation of 
inhibitor [56] 


redistribution of lignin in biomass, 
deacetylation of hemicellulose [56] 


Table 1. Overview of various pretreatment methods. 


have improved cellobiohydrolases, endoglucanases, {s-glucosidases and additional oxidative 
activity (auxiliary activity family 9, formerly known as GH61) for enhanced sugar yield espe- 
cially at the high substrate loading [87, 88]. Spent liquors from acid pretreatment of lignocellu- 
losic biomass are also used as a carbon source [57, 75, 78-84]. Unlike the enzymatic hydrolysate, 
spent liquor obtained by acid pretreatment of a lignocellulosic biomass contains lignocellulose- 
derived products that can inhibit microorganism growth and synthesis of product as well as 
the enzyme activity [47, 48]. 


Economically feasible process for industrial cellulosic lipid production requires high final 
lipid titer (Table 2). Most of the research has been done in batch SHLP using different oleagi- 
nous strains of yeasts. Concentration of lipid and productivity of batch SHLP process depends 
on lignocellulose feedstock, microorganism, pretreatment method, detoxification method and 
type of carbohydrate hydrolysis. As shown in Table 2, in most of the batch SHLP under opti- 
mized culture conditions, lipid concentration and lipid productivity was below 20 g/L and 
0.15 g/L h, respectively. 


Harde et al. [86] cultivated Mortierella isabellina on pretreated biomass and detoxified spent 
liquor obtained by SPORL pretreatment of Douglas fir. For lipid production, three strategies 
were investigated. First two strategies included separate processing of pretreated biomass 
and spent liquor. Lignocellulosic biomass was subjected to separate hydrolysis and lipid 
production and simultaneous saccharification and lipid production with prehydrolysis step. 
Third strategy included hydrolysis of whole lignocellulosic slurry, detoxification and lipid 
production (Tables 2 and 3). Lipid yield produced from whole lignocellulosic slurry was 
lower than those from other two strategies, where pretreated biomass and spent liquor were 


Feedstock Microbial strain Pretreatment Cultivation media Fermentation x L? wy Ypf Pr Reference 
a gD gD w BD (etm 
Corn stover Trichosporon H,SO, (0.1-1%, Spent liquor from acid pretreatment Batch z 7.6 39 015 0.078 [78] 
cutaneum 140-180°C, 5-10 min) 
AS 2.571 
Sweet Cryptococcus Microwave radiation Enzymatic hydrolysate of Batch 15.5 = 64 011%“ [26] 
sorghum curvatus ATCC 5 : pretreated sweet sorghum bagasse 
100°C, 4 h 
bagasse 20509 ( ao (endoglucanase 778-1022 CMC U/g 
DM, &-glucosidase126-186 pNG/g 
DM, xylanase 625-950 ABXU/g DM) 
Corn stover Mortierella NaOH (1%, 121°C, Enzymatic hydrolysate of pretreated Batch 10.9 248 29 — 0.027 [57] 
isabellina ATCC 2h) corn stover (26 FPU/g DM, substrate 
42613 loading 5%) 
H,SO, (1%, 121°C, As above 14.1 478 34 — 0.05 [57] 
2h) 
Corn stover Trichosporon Pre-soaking with Enzymatic hydrolysate of pretreated Batch = 097° .— N 0.014 = [75] 
cutaneum H,SO, (190°C, 3 min) corn cobs (cellulase 7 FPU/g DM, 
substrate loading 10%) 
Corn stover Cryptococcus Ionic liquid (1-ethyl- | Enzymatic hydrolysate of pretreated Batch 16.5 7.2 43 0.138" — [79] 
curvatus 3-methylimidazolium corn stover (cellulase10 FPU/g DM, 
acetate, 140°C, 1 h) cellobiase 20 CBU/g DM, xylanase 
10 mg/g DM, substrate loading 5%) 
Jerusalem Cryptococcus sp. HNO, (0.57%, 117°C, Spent liquor from acid pretreatment Batch 6.1 = 28 — 0.072 [80] 
artichoke 49 min) 
Corn cobs Trichosporon -Unknown Enzymatic hydrolysate of pretreated Batch 38.4 12.3 32 0.131 0.047! [76] 
residue cutaneum pretreatment corn cob residue (cellulase 15 FPU/g 
ACCC20271 conditions DM) 
substrate loading 15%) 
Corn stover Cryptococcus NaOH (0.5 M, 80°C, Enzymatic hydrolysate of pretreated Batch 200 = 44 0.155 0.156 [81] 
curvatus ATCC 75 min) corn stover (cellulase: 20 FPU/g DM, 
20509 &-glucosidase: 40 CBU/g DM, xylanase 


140 U/g DM, 10% substrate loading) 
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Feedstock Microbial strain Pretreatment Cultivation media Fermentation x? L wi Ye Pre Reference 
MOE gD gD w 8D gm 
Sweet Lipomyces No pretreatment Enzymatic hydrolysate of sweet Batch 6.4 = 29 0.077 0.033 [77] 
sorghum starkeyi sorghum stalks cellulase (8 FPU/g, 
stalks Celluclst 1.5 L: Novozyme 188 
CBS 1807 
(8-glucosidase) at a1:5 (vol/vol) 
Corn cobs Rhodotorula Mixed acids (0.5% Undetoxified spent liquor form acid Batch/65 h/ 15.1 55 36 0.129 0.09 [82] 
glutinis CGMCC H,SO, + 1.5% H,PO, pretreatment bioreactor 
2.703 123°C) cultivation 
As above As above As above Fed-batch with 75.4 30.6 39 0.146 0.15 [82] 
constant C and N 
feed 
As above As above As above Fed-batch with 70.8 33.5 47 0.159 0.17 [82] 
two stage feeding 
strategy (1st 
C + N-source, 2nd 
C-source) 
Switchgrass Lipomyces H,SO, (0.936%, 160°C, Undetoxified spent liquor form acid Batch 53.4 29.0 53 0.156 0.215 [83] 
tetrasporus 15 min, 20% solids) pretreatment 
Y-11562 
Lipomyces As above As above As above 47.7 28.1 59 0.161 0.179 [83] 
kononenkoae 
Y-7042 
Rhodosporidium As above As above As above 42.6 26.2 61 0.159 0.128 [83] 
toruloides Y-1091 
Corn stover Mortierella steam explosion Enzymatic hydrolysate of pretreated Batch 36.1 18.7 52 0.05f 0.039 [85] 
isabellina (200°C, 7 min) corn stover (cellulase 30 FPU/g, 
substrate loading 30%) 
Douglas Mortierella SO, (11 g/L, 140°C, Enzymatic hydrolysate of pretreated Batch 25.5 14.4 — 0.18 0.1208 [86] 
fir forest isabellina NRRL 60 min) lignocellulose biomass (cellulase 14.6 
residue 1757 FPU/g glucan, substrate loading 10%) 
As above SO, (11 g/L, 140°C, As above Batch 25.7 11.9 — 0.18 0.1208 [86] 


120 min) 


A61əuə0!1g pue sjanjolg ul sa2ueapy = OL 


Feedstock Microbial strain Pretreatment Cultivation media Fermentation x? L” wë Yus Pr° Reference 
eee gD gD w BD (etm 
As above SO, (11 g/L, 140°C, Detoxified spent liquor Batch 16.05 84  — 0.18 0.050" [86] 
60 min) 
As above SO, (11 g/L, 140°C, As above Batch 11.6 7.7 — 0.16 0.046" [86] 
120 min) 
As above SO, (11 g/L, 140°C, Detoxified enzymatic hydrolysate of Batch 35.4 1855 — 0.17 0.086' [86] 
60 min) whole pretreated slurry (cellulase 14.6 
FPU/g glucan, substrate loading 10%) 
As above SO, (11 g/L, 140°C, As above Batch 38.2 176 — 0.18 0.081: [86] 
120 min) 
Corn stover Rhodosporidium NaOH (0.4%, 80°C, Enzymatic hydrolysate of pretreated Batch 36.2 214 59 0.19 0.28 [84] 
toruloides 2h) and H,SO, (0.8%, corn stover (cellulase 40 mg protein/g 
160°C, 10 min) cellulose- substrate loading 20%) 
As above As above As above DO-stat fed-batch 42 25.2 60 0.23 0.33 [84] 
As above As above As above Pulse fed-batch 43 26.7 62 0.24 0.35 [84] 
As above As above As above Online sugar 54 32 59 0.29 0.4 [84] 


°X: Biomass concentration, g cell/L. 


PL: Lipid concentration, g lipids/L. 


‘w,: Lipid content, g lipid produced/g dry cell weight. 


monitoring 
fed-batch 


IY s: Lipid yield, g lipid/g of consumed carbon source; “Y, Lipid yield, g lipid/g pretreated lignocellulosic biomass. 
Pr: Lipid productivity, g lipid produced/h L 


‘Lipid productivity was calculated based on time for prehydrolysis (3 days) and fermentation (8 days): lipid concentration/time. 


8Lipid productivity, lipid concentration (L)/time of cultivation (216 h). 
pid p ty, lip 


‘Lipid productivity, lipid concentration (L)/time of cultivation (120 h). 
pid p ty, lip 


‘Lipid productivity, lipid concentration (L)/time of cultivation (168 h). 


Table 2. Production of lipids by separate hydrolysis and lipid production (SHLP) from lignocellulosic hydrolysate. 
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processed separately. Despite the lower process efficiency, this approach is attractive from the 
economic point of view since it reduces the operational and capital costs for lipid production. 
Development of the strain with high tolerance toward inhibitors in spent liquor could reduce 
the number of steps in production and production cost. Harde et al. [86] developed sulfite tol- 
erant strain of M. isabellina by gradual adaptation of the strain to inhibitors from spent liquor. 
The sulfite-adapted strain was able to grow in the presence of 2.0 g/L of sulfite in synthetic 
media and spent liquor [86]. 


Slininger et al. [83] designed two step screening assay for the detection of the highly pro- 
ductive yeast strains with high tolerance to lignocellulose-derived inhibitors. Growth media 
contained undetoxified enzyme hydrolysate of corn stover pretreated by ammonia fiber 
expansion (AFEX) and acid pretreated switchgrass. Three yeast strains, Lipomyces tetraspo- 
rus, Lipomyces kononenkoae and Rhodosporidium toruloides were identified. Yeast strains were 
able to grow on the undetoxified switchgrass hydrolysate and accumulate 25-30 g/L lipids 
at the rate of 0.128-0.215 g/L h with lipid yield of 0.156-0.161 g/g of consumed substrate [83]. 
Those values are the highest values reported in literature for batch cultivation of oleaginous 
microorganisms using lignocellulosic hydrolysate. Contrary to expectation, performance of 
the isolated oleaginous yeasts was significantly better than other used yeasts in SHLP with 
detoxified spent liquor (Table 2). Some oleaginous microorganisms show high tolerance to 
most of lignocellulose-derived inhibitors. Indeed, yeast strain R. toruloides tolerates acetate, 
5-hydroxymethylfurfural and syringaldehyde at concentrations below 70, 14.7 and 12 mM, 
respectively. Negligible effect on growth and lipid production showed the presence vanillin 
and p-hydroxybenzoate at concentrations below 10 mM. The strongest inhibitory effect on 
growth and lipid accumulation had furfural. At concentration of 1 mM, biomass and lipid 
concentrations dropped by 45.5 and 26.5% [89]. 


Fed-batch mode of cultivations in production of microbial lipids has already been proved 
to be superior to batch cultivation. High cell and lipid concentration of 106.5 and 71.9 g/L 
(67.5%), respectively, were obtained in pilot scale fed-batch in a 15 L stirred tank bioreactor 
cultivation by yeast R. toruloides using glucose as a carbon source with the productivity of 
0.54 g/L h [90]. Fei et al. [84] applied fed-batch cultivation mode to improve the efficiency of 
lipid production by R. toruloides using lignocellulosic hydrolysate. Different feeding strate- 
gies of the culture were investigated including dissolved oxygen-stat (DO-stat) feeding mode, 
pulse feeding mode and online sugar control mode. All three fed-batch strategies improved 
processes performance in comparison to the batch cultivation in terms of cell concentration, 
lipid yield and process productivity. The highest lipid yield of 0.29 g/g and lipid productiv- 
ity 0.4 g/(L h) was obtained using the online sugar control feeding mode. Those values are 
the highest reported in the literature obtained by using concentrated enzymatic hydrolysate 
of lignocellulose biomass. This study represents major breakthrough in the research of lipid 
production from lignocellulosic biomass that could improve feasibility of the bioprocess. 
However, production of concentrated lignocellulosic hydrolysate (~ 550 g/L) used in research 
relies on the cost-intensive evaporation [84]. 


Therefore, developing new methods for preparation of concentrated lignocellulosic hydroly- 
sate could improve the process economics. Fed-batch cultivation was applied in process of the 
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lipid production by yeast R. glutinis using the undetoxified spent liquor from acid pretreat- 
ment of corn cobs as a carbon source [83]. In this study, the lipid productivity was remarkably 
improved using two feeding strategies regarding the dynamics of nitrogen supplementation. 
Since yeast R. glutinis showed high tolerance toward inhibitors, a corn cob acid hydrolysate 
was used without detoxification. First strategy included feeding with concentrated undetoxi- 
fied spent liquor (790.2 g/L xylose and 40.5 g/L glucose) supplemented with the nitrogen 
source. The second strategy included feeding of the culture for the first 80 h of cultivation with 
concentrated undetoxified spent liquor supplemented with nitrogen source and afterwards 
only with the carbon source. The highest biomass concentration of 75.4 g/L was obtained 
using first feeding strategy, while second feeding strategy resulted with the highest lipid con- 
centration of 33.5 g/L, which is the highest value of lipid concentration reported in literature 
for culture grown on lignocellulose hydrolysate [82]. 


Still most of the studies on lipid production have been done by SHLP using hydrolysate of lig- 
nocellulosic biomass as a carbon source. Research by Gong et al. [79, 81] showed that the effi- 
ciency can be improved by integrating the enzyme hydrolysis and microbial process applying 
SSLP (Table 3). Two SSLP processes were conducted in cultivation media with and without 
the addition of nitrogen source. In cultivation media-containing alkaline pretreated corn sto- 
ver without nitrogen, cells did not grow due to the lack of nitrogen and carbon sources was 
used for lipid production. To obtain high lipid productivity, the culture media was inoculated 
at high inoculums size (7.2 g/L), while control culture supplemented with nitrogen was inocu- 
lated at average inoculums size (10% v/v). The highest lipid productivity of 0.195 g/L h was 
obtained in SSLP without nitrogen source and this is the highest value reported for the SSLP 
using the lignocellulose as a carbon source. In comparison to the SHLP using the same pre- 
treated lignocellulosic biomass (Table 2), the productivity of SSLP was improved and loading 
of cellulase and xylanase was reduced for 50%, while {s-glucosidase was not used. The major 
disadvantage of this strategy is increased cost for cultivation of larger quantities of inoculum 
using enriched growth media [81]. Gong et al. [79] applied similar strategy using the corn sto- 
ver pretreated with ionic liquids as a carbon source. However, lower lipid yields of 0.125 and 
0.135 g/ g DM were obtained for SSLP and SHLP, respectively [79]. SSLP was also conducted 
with fungus M. isabellina using pretreated Douglas fir forest residue but without success. After 
prehydrolysis step, fungus was able to grow in semi-solid media obtaining 17.0 g/L of lipids. 
However, the productivity of lipid synthesis with fungus was half of those obtained in SHLP 
with detoxified enzymatic hydrolysate of whole pretreated Douglas fir [86]. 


All cultivations were carried out at substrate loading of 10% (w/w) or lower suggesting pos- 
sible problems with the enzyme hydrolysis and microorganism growth at higher substrate 
loadings. The product titer could be improved by increase of the substrate loading conducting 
so-called high-gravity fermentations which have been successfully applied in the bioethanol 
production from starch and lignocellulosic feedstock by simultaneous hydrolysis and fer- 
mentation. Significant savings in energy input, decrease of waste discharge, distillation costs 
and capital costs increased the competiveness of the process [91]. However, running the SSLP 
under high-gravity conditions imposes a number challenges with respect to the lignocellulose- 
derived inhibitors and mixing and mass transfer in cultivation broth. Due to high substrate 
loading, the concentration of inhibitory by-products are increased and consequently lead to the 
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Substrate Microbial strain Pretreatment Enzyme hydrolysis Fermentation mode/time/ L? Ye Pr Reference 
L 
note (g/L) (gg) (g/L/h) 
Corn stover Trichosporon Pre-soaking with H,SO, Prehydrolysis for 6 h, cellulase Batch/80 h/bioreactor 303° g 0.042 = [75] 
cutaneum (190°C, 3 min) 7 FPU/g DM, substrate loading 
10% 
Corn stover Cryptococcus Ionic liquid (1-ethy]-3- Cellulase4 FPU/g DM, Batch/2 days/ 6.0 0.112 0.1254 [79] 
curvatus methylimidazolium acetate, cellobiase 8 CBU/g DM, nonittocénsourcé 
140°C, 1 h) xylanase 5 mg /g DM, substrate 8 
loading 5% 
Corn stover Cryptococcus NaOH (0.5 M, 80°C, 75 min) Cellulase 10 FPU/g DM, Batch/3 days/ 11.9 0.129 0.168 [81] 
curvatus ATCC xylanase 80 U/g DM, substrate 
20509 loading 10% 
Cryptococcus As above As above Batch/3 days/ high inoculums 15.9 0.159 0.195 [81] 
curvatus ATCC concentration of 7.2 g/L, 
20509 media without nitrogen 
source 
Douglas Mortierella SO, (11 g/L, 140°C, 60 min) Prehydrolysis for 24 h, Batch/168 h 17.0 0.21™* 0.101° [86] 
fir forest isabellina NRRL cellulase 14.6 FPU/g glucan, 
residue 1757 substrate loading 10% 
Mortierella SO, (11 g/L, 140°C, 120 min) As above Batch/ 168 h 11.7 0.18" 0.070° [86] 


isabellina NRRL 
1797 


aL: Lipid concentration, g lipids/L. 


*Y s Lipid yield, g lipid/g pretreated lignocellulosic biomass; ™ Y, Lipid yield, g lipid/g theoretical sugar yield from pretreated biomass. 
‘Pr: Lipid productivity, g lipid produced/h L. 
‘Lipid productivity, lipid concentration (L)/time of cultivation (48 h). 


Lipid productivity, lipid concentration (L)/time of cultivation (168 h). 


Table 3. Production of lipids by simultaneous saccharification and lipid production (SSLP) from lignocellulosic hydrolysate. 
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decrease or complete inhibition of growth and product accumulation along with their enzyme 
activity. Furthermore, increased viscosity of the lignocellulose slurry prohibits the efficient 
mixing, decreasing the heat and mass transfer (substrate, enzyme and oxygen) in bioreac- 
tor. Increasing the stirring rate in a conventional stirred tank bioreactor provides even mixing 
directly around the impeller, while the solid substrate settles down to the bottom and toward 
to the bioreactor’s wall. To avoid the above motioned problems, cultivation should start with 
lower substrate loadings. The substrate should be gradually fed keeping the viscosity of cul- 
ture broth sufficiently low (fed-batch cultivation). Kinetics of substrate additions depends on 
the activity of cellulolytic enzymes and substrate consumption by working microorganism 
and it should be experimentally optimized. Gradual addition of substrate should enable the 
working microorganism to adapt to increasing inhibitors concentrations and convert some 
them to less toxic compounds (furfural and HMF into less toxic compounds such as furfuryl 
alcohol and 2,5-bis-hydroxymethylfuran, respectively) [92]. Using this strategy Elliston et al. 
[93] produced 11.6% (vol/vol) ethanol from waste paper in a bioreactor with high shear mix- 
ing. Gradual addition of substrate resulted in cumulative substrate loading of 65% [93]. 


4.2. Production of lipids by solid state fermentation 


Solid state fermentation offers a number of advantages over submerged cultivation in the pro- 
duction of microbial biomass and specific products of microbial metabolism. This technique of 
cultivation has been successfully used for the production of food (fermented sausages and sea 
food), products of microbial metabolism including antibiotics, giberellinic acid, aflatoxines, 
pigments, alkaloids, organic acids and plant growth factors, enzymes, biopesticides, including 
mycopesticides and bioherbicides, biosurfactants, biofuel, aroma compounds, etc. [94-96]. The 
major benefit of the solid state cultivation is higher bioprocess productivity, lack of catabolic 
repression, higher product concentration and low water and energy demands. In comparison 
to submerged culture, the risk of contamination is decreased due to lower water content in 
growth media. Furthermore, in comparison to the submerged culture, the product isolation is 
simpler and also less cost effective. The major drawback of solid state fermentation includes 
engineering problems with control of process parameters (temperature, water content, pH, 
substrate and oxygen concentration, etc.) and the scale-up of process to industrial size [96]. 


Several researches on lipid production by solid state fermentation using lignocellulose bio- 
mass have been described in literature (Table 4). Production of lipids by this type of cultivation 
depends on oleaginous microorganism’s ability to hydrolyse the carbohydrates from lignocel- 
lulosic biomass to fermentable sugars. This bioprocess of lipid production is also called con- 
solidate process (CBP). Desirable characteristics of CBP-strain are efficient lipid accumulation, 
high lipid productivity, high cellulase and hemicellulase activity and the ability to grow on 
insoluble substrate in the absence of free water. The oleaginous microorganisms used in the 
submerged production of lipid are not able to grow on the solid substrate or secrete cellulase 
and hemicellulase. Several fungi strains were isolated with 20-35% (w/w) of accumulated lip- 
ids in cell dry weight. Low lipid yield in solid state fermentation is a consequence of insufficient 
cellulolytic activity of isolated CBP-strains and low efficiency of lipid accumulation [97]. The 
cellulolytic activity in submerged cultivation was between 10 and 20 FPU/g and 4-15 FPU/g 
of dry matter of lignocellulosic biomass in SHLP and SSLP, respectively (Tables 2 and 3). The 
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unrestricted carbon source supply is required for the efficient growth and lipid accumulation. 
Therefore, enhancement of the cellulase activity in cultivation media was recognized as cru- 
cial for the improvement of bioprocess performance. Enhancement of cellulase activity was 
obtained by the optimization of moisture content of solid substrate, cultivation temperature, 
addition of complex substrates (e.g. wheat bran) and addition exogenous cellulase [97, 98]. The 
most promising CBP-strain for solid state cultivation is fungus A. tubingensis TSIP9 with high 
cellulase activity and moderate lipid content of 20.5% [99, 100]. Different modes of the solid 
state fermentation were applied to improve the lipid yield including batch, fed-batch and batch 
with repeated substrate replacement. Simple strategy of substrate addition in fed-batch culti- 
vation (0.0719 g/g DM) did not improve the lipid yield in comparison to the batch cultivation 
(0.0799 g/g of substrate dry matter). The batch cultivation with repeated substrate replacement 
was the most efficient strategy for the production of lipids on the solid substrate. Repeated 
cycles of the batch cultivations with replacement of 90% fermented substrate with fresh one 
shortened the process time in comparison to the batch cultivation. Furthermore, cleaning and 
sterilization of the bioreactor between the batches and inoculum preparation was avoided that 
additionally saved the time, energy as well as labor [99]. Regardless the fermentation mode, 
the bioprocess efficiency of solid state fermentations was lower than in the submerged culture 
(Tables 2 and 3). Lipid yields in solid state fermentations were at least two times lower than 
the submerged cultures. In addition to strain characteristic, significant impact on process effi- 
ciency have concentration gradients of hydrogen ions, oxygen, fermentable sugars, products of 
metabolism formed in the layer of solid substrate during cultivation that inhibited growth of 
microorganism and cellulase activity. 


5. Future perspective of lipid production from lignocellulose 
biomass 


Microbial lipids are promising feedstock for biodiesel production, but the development of 
lipid production is still far from ready to be commercialized. The process of microbial lipid 
production is still uncompetitive with agricultural production of vegetable oils which market 
price is significantly lower. Techno-economic study of biodiesel production with R. toruloi- 
des (Pr = 0.54 g/L h and Y,,, = 0.23 g/g) using glucose as a carbon source pointed out the 
main obstacles in commercialization of this process. Estimated costs for biodiesel production 
and microbial lipids using glucose as a carbon source are US$5.9/kg biodiesel and US$5.5 / 
kg lipids, respectively. The glucose cost accounts for 80% of the raw material used for pro- 
duction of biodiesel and for approximately 35% of the overall cost of biodiesel produced. 
Furthermore, the main generators of capital and energy costs are connected to production of 
microbial lipids using stirred tank bioreactors [103]. The production cost could be reduced 
by using low-cost substrates such as lignocellulose instead of glucose. The replacement of 
glucose with the lignocellulose feedstock as a carbon source reduces the cost for the raw 
material but also brings number issues including technical problems connected to complexity 
of process production and high capital costs. Due to the lack of investor interests and govern- 
ment assistance, the progress in development of this technological process is still very slow. 
The production of microbial lipid could become more economically feasible, if the biorefinery 
concept of co-production of different value-added products is applied. To obtain additional 


Substrate 


Wheat 
straw and 
wheat bran 
mixture 


Wheat 
straw and 
wheat bran 
mixture 


Rice straw 
and wheat 
bran 


Wheat 
straw and 
wheat bran 
mixture 


Palm 
pressed 
fiber and 
palm 
empty fruit 
bunches 


Microbial strain 


Microsphaeropsis sp. 


Sclerocystis sp. 


Phomopsis sp. 


Cephalosporium sp. 


Nigrospora sp. 


Microsphaeropsis sp. 


Microsphaeropsis sp. 


Microsphaeropsis sp. 


Colletotrichum sp. 


Colletotrichum sp. 


Alternaria sp. 


Alternaria sp. 


Aspergillus oryzae 
A-4 


Aspergillus 
tubingensis TSIP9 


Pretreatment 


Steam 
exploded 
(121°C, 1h) 


As above 


As above 


As above 


As above 


Steam 
exploded 
(15% water, 
1.5 MPa, 

10 min) 


As above 


As above 


Acid (0.7% 
H,SO,, 121°C, 
1h) 


Acid (0.5% 
H,SO,, 121°C, 
1h) 
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Fermentation mode/ 


time/note 


Batch (75% moisture, 
10 days, 27°C ratio 
of wheat straw to 
wheat bran 4:1 g/g) 


As above 


As above 


As above 


As above 


Batch (75% moisture, 


30°C, 10 days, 


27°C, ratio of wheat 
straw to wheat bran 


4:1 g/g) 


As above 


Batch (75% moisture, 


30°C, 10 days, 


27°C, ratio of wheat 
straw to wheat bran 


9:1 g/g) 
Batch 


Batch 


Batch 


Batch 


Batch (50-80% 


moisture, 6 days, 
30°C, weight ration 
of wheat straw to 
wheat bran 2:8 g/g) 


Batch, 


(65% moisture, 28°C 


5 days) 


Enzyme 
activity 


Cellulase 
0.31-0.54 
FPU/g DM’ 


Cellulase 
0.34-0.52 
FPU/g DM’ 


Cellulase 
0.32-0.56 
FPU/g DM’ 


Cellulase 
0.39-0.58 
FPU/g DM’ 


Cellulase 0.069 
FPU/g DM’ 


Cellulase: 0.32 
FPU/g DMs 


Addition of 
exogenous 

cellulase 10 
FPU/g DMs 


Addition of 
exogenous 

cellulase 10 
FPU/g DMs 


Cellulase 1.84 
FPU/g DM 


+ Exogenous 
cellulase 10 
FPU/g DM 


Cellulase 1.21 
FPU/g DM 


+ exogenous 
cellulase 10 
FPU/g DM 


Cellulase: 1.69 
FPU/g DM¢ 


Cellulase: 
26.1 U/g DM® 


xylanase 59.3 


Yis (8/8) 


0.024—0.042° 


0.019-0.028° 


0.021-0.027° 


0.026-0.034° 


0.023° 


0.042° 


0.074 $ 


0.08 © 


0.0682 


0.0843 


0.0603 


0.0817 


0.06287 


0.0885 
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[97] 


[97] 


[97] 


[97] 


[98] 


[98] 


[98] 


[101] 


[101] 


[101] 


[101] 


[102] 


[100] 
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Substrate Microbial strain Pretreatment Fermentation mode/ Enzyme Ys (g/g)* Reference 
time/note activity 
Palm empty Aspergillus Alkali (10% Batch (28°C,5 days) Cellulase: 0.0799 [99] 
fruit bunch tubingensis TSIP9 NaOH, 11.1 U/g DM 
and palm 100°C, 
kern cake 15 min) 
Aspergillus As above Fed- Cellulase: 0.0719 [99] 
tubingensis TSIP9 batch(28°C,12 days) 19.0 U/g DM 
xylanase: 
65.6 U/g DM 
Aspergillus As above Repeated-batch Cellulase: 0.0919 [99] 
tubingensis TSIP9 (28°C, 12 days/ 18.4 U/g DM 
substrate was added | . 
adaa xylanase: 
EVERA 119 U/g DM): 


Y _„: Lipid yield, g produced lipid/g of dry matter of pretreated lignocellulosic biomass. 


18° 
ÞCellulase activity was determined on 6th and lipid content on 10th day of cultivation. 


Cellulase activity on 10th and lipid content on 9th day of cultivation. 


Table 4. Production of lignocellulosic lipids by solid state fermentation. 


income, microbial fatty acids should be fractionated depending on their price; low value fatty 
acid should be used for biodiesel production, while high value (GLA, DHA and ARA) should 
be used as food supplement and in production of nutriceuticals [11-18]. Therefore, oleagi- 
nous microorganism with high content of unsaturated fatty acids such as fugus Mortierrella 
sp. would be favorable for process of microbial lipids production. Other value-added prod- 
ucts such as pigments or sophorolipids could also give additional revenue. Oleaginous yeast 
such as R. glutinis, R. rubra and S. ruberrimus accumulate valuable pigments, {s-carotene, toru- 
lene and astaxanthin [13, 104-107]. Sophorolipids can be used as biosurfactants instead of 
classical chemical-derived surfactants in cosmetics, food, cleaning and petroleum industry. 
Unlike chemical surfactants, sophorolipids are biodegradable and also have interesting bio- 
logical activities including anti-microbial, anti-cancer, anti-HIV, anti-inflammatory and anti- 
viral activities [108-110]. Lignin is by-products generated during pretreatment that should be 
separated and sold. In biorefinery, lignin can be converted to heat and power for the process- 
ing steps. Building blocks derived from lignin can be used for production of vanillin, carbon 
fiber, bio-oil, resin, adhesives, polymer fillers, coating agents, bioplastics, paints, soil amend- 
ment, slow nitrogen release fertilizers, rubbers, elastomers and microbial agents. Proteins 
from lignocellulosic biomass and microbial biomass after lipid isolation could also be used 
as animal feed or after acid hydrolysis to amino acids could be used as building blocks for 
the synthesis of different chemicals [111-114]. Significant influence on production cost of bio- 
diesel has process of lipid recovery from cell biomass. Lipid isolation on laboratory scale is 
based on laborious and expensive isolation protocols that include cell harvesting by centrifu- 
gation, energy-intensive step of biomass drying and lipid extraction using an organic solvent. 
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Therefore, a new cost-effective method for isolation of lipids from wet cell biomass is needed 
to improve the competiveness of the process [115]. 


6. Conclusions 


The current production of microbial lipids from lignocellulose biomass faces a number obsta- 
cles associated with low lipid yield of producing strains, low tolerance of microbial strains 
to lignocellulose-derived inhibitors, insufficiently high substrate concentration in lignocellu- 
lose hydrolysate and high costs of product isolation. In order to reduce production cost and 
improve feasibility of the bioprocess, research efforts must be focused on: (1) optimization of 
oleaginous microorganism applying genetic engineering methods and adaptive evolution to 
obtain higher lipid concentrations and tolerance to inhibitors from pretreatment process, (2) 
new effective method of pretreatment and hydrolysis of lignocellulosic biomass that provide 
high concentration of fermentable sugars in growth media, (3) novel innovative designs of 
bioreactor should improve the productivity of the process and reduce the production cost, 
(4) optimization of lipid isolation from wet cell biomass and (5) generation of valued-added 
products that could provide additional income and improve economic feasibility of the bio- 
process (Figure 3) . 


Improvement of downstream process 
- development of efficient method for rapid and 
cost-effective for large-scale lipid isolation 
-applying mechanical (eg. bead milling, 
homogenisation) and non-mechanical (eg. 
microwaves, in situ transesterification) cell 
disruption methods to enhance lipid recovery 


-lipid isolation from wet cell biomass reduces 


energy cost for drying 
Improvement of pretreatment Coproduct generation 


process of lignocellulose biomass - products from different process 
- development of cost effective steps can generate additional 
pretreatment method for efficient income in the lipid biorefinery 
enzymatic hydrolysis (lignin, microbial biomass, 

Economically feasible lipid production sophorolipids, pigments) 

process 


Construction of novel bioreactor designs Development of industrially viable 
-developement of new configurations strain 
and agitator construction -improvement of lipid yield by 


--reduction of operational and capital metabolic engineering 

costs -heterologous expression of 
cellulase 
-increase of inhibitor tolerance by 
adaptive evolution 
-metabolic engineering of strains 
to secrete lipids 


Figure 3. Strategies for improvement of lipid production process. 
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